The process of drying shrinkage is one of the most prominent issues in concrete research. Yet, shrinkage estimation from true pore networks was not feasible for technical reasons. With the new method of FIB-nt, we overcome this deficit and present a new approach for the assessment of drying shrinkage. FIB-nt allows the acquisition of 3D samples from miscellaneous cement composites. Thereof, the pore structures can be extracted and the location of the liquid/vapor menisci within the pore structures determined at varying humidities. In addition to structure parameters which are useful for correlating laboratory tests, the FIB-nt method allows to apply physical models of drying shrinkage to real pore structures. Some first results are presented in this article.
INTRODUCTION
In cement and concrete industry, a huge effort in studying concrete composites and admixtures is achieved in order to get drying shrinkage under control. Shrinkage considerably restricts the moulding size of the concrete formwork, impairs the mechanical strength of the concrete due to the arising cracks, and seriously affects the durability due to inner cracks and thus appearing transitions for fluids.
Fundamentally, drying shrinkage of cement paste is effected by capillary forces of water which is retreating into smaller pores during drying. The water menisci are located at those pore radii satisfying the Kelvin equation. Hence, proper numerical modelling requires the knowledge of the 3D pore network geometry which is subject to the drying process.
Physical modelling of drying forces has previously been performed by either assuming model pore structures, or by estimating the 3D geometry from 2D sections with the help of autocorrelation techniques [1] .
Due to the lack of 3D imaging at the 10-nanometer scale, shrinkage could not yet be modelled for true pore structures. Already at a relative humidity below 99%, the radius of the water menisci under-runs the 100nm scale. Well known 3D imaging methods such as X-ray 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada tomography and MRI are not qualified to operate below this resolution. Conventional electron microscopic imaging (SEM, BSE) on the other hand cannot provide real 3D data. Recently, a new SEM technique had been developed for the acquisition of 3D image volumes [2] . The so called FIB-nanotomography (FIB-nt) is based on a serial sectioning procedure working on a dual-beam FIB (focused ion beam) device. While the electron beam is being used to provide the image data, the ion beam running at an angle of 52° relative to the electron beam achieves a sequential milling of subsequent image planes. An illustration of the FIB-nt image acquisition procedure is outlined in Fig.1 , showing the cuboid shaped depression which has been built for sample preparation previous to serial sectioning. Fig. 1 : Illustration of the geometrical relationships of FIB-nanotomography sample after cube preparation, during serial sectioning [2] . The ion beam (left) achieves milling of subsequent planes which are then recorded by the electron beam (top).
The new 3D imaging technique provides a voxel resolution of up to ~5nm in each direction, provided that the inspected sample is electroconductive. In the case of cement paste where the samples have been impregnated by epoxy resin, electrostatic charges cause the resolution to become further delimited to about ~15nm. For temperatures from 0°C to 100°C, this corresponds to a Kelvin radius r at a relative humidity H of about 92%, as is manifested in Fig.2 showing r as a function of H . 
METHODS

Data acquisition
Pore space extraction
The pore mask was extracted by double thresholding of the image data. The thresholds have been determined according to the volume histogram, setting the lower and the upper pore threshold l t and u t to the locations of the inflectional tangents at the ascending and the descending flanks of the pore histogram peak. Like this, the resulting pore locations could be characterized by a binary voxel mask
Though this evaluation concept provides an automatic threshold choice, the high sensitivity to threshold changes would considerably impair the accuracy of quantitative measures. Hence for future improvements, the pore edges are planned to be determined according to the locations of the maximum gradients.
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Determination of water menisci
The elaboration of the complete mechanisms behind drying shrinkage was investigated and described in detail by some excellent works from NIST [1, 4, 9] The residual water in the pore space is responsible for shrinkage forces. The physical relation of the capillary condensation which is causing the stress field, to the pore geometry can be described with the help of the Kelvin-Laplace equation [1] , which relates the characteristic pore radius r to the relative humidity H , yielding An appropriate table for the surface tension values of water at variable temperatures is given in the literature [5] and can easily be extended to the temperature interval [0, 100]°C using linear interpolation.
The locations of the residual water was determined with the help of the Euclidian distance transform [6] , providing the distance ) ( p d from each point inside of the pore space to its boundaries, comprising the information of all pore water locations
which are dropping below a certain minimum value H r , which is related to an appropriate relative humidity. The usage of ) ( p d implies spherical water menisci, which is only an approximation. Generally, ellipsoid water-vapour interfaces exhibiting three principal axes would be more accurate, however at the expense of considerably increased computing time.
The right image in Fig.3 illustrates the pore mask together with the residual water at varying H . Empty pores are displayed in black, while the coloured regions represent the pores filled with residual water at variable H , ranging from dark blue ( . The right image shows the same volume after segmentation into pore space (black) and solid framework (white), together with the residual water locations depending on the relative humidity (coloured regions). The relative humidity includes the range from 95% (blue) to 99% (red).
Estimating drying shrinkage
The capillary tension cap σ in the pore liquid is induced by the negative pressure of the residual water and can be expressed by [3] . For lower scale pore radii, water monolayers of the width d satisfying empirical equations as proposed by Badmann [7] are physically adsorbed onto the pore surface, inducing disjoining pressures which act contrary to the capillary pressures. Since the resolution of FIB-nt data enables the inspection of H above 90% only, disjoining pressures are neglected in a first approach. (1) The drying shrinkage can now be determined from the capillary tension by considering the water loci at variable H . The detailed knowledge of their 3D geometry basically allows the calculation of the precise stress fields by means of finite element analysis.
As a first overall estimate however, a cumulative measure for the drying shrinkage strain cap ε of a partially saturated pore system is a considered to be a useful alternative. When assuming a fully saturated elastic material, cap ε can be estimated by the value of the internal stress divided by the dynamic elasticity modulus [1] , multiplied with the saturation fraction of the water-filled pores, yielding 
DISCUSSION
The novel issue of this work is the possibility of combining well known shrinkage mechanisms to specific pore geometries. As evident from equation (3), the aspects of pore 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada geometry appear in the shrinkage model in the very last step of the shrinkage assessment from the local stress field ) ( p cap σ . In case of being content with a cumulative shrinkage estimate, the pore geometry appears in the form of an overall residual water content V W as a function of H (see equation (3)). This information can also be reconstructed from the pore size distribution (PSD). The well known and prevalent technique for PSD evaluations in cement pastes and mortars is still mercury intrusion porosimetry (MIP). However due to the ink bottle effect, this method is actually incorrect, as is outlined in detail by Diamond [8] . Correct PSDs again require true 3D pore information. They can be correctly measured with FIB-nt up to a lower pore size limit min d which depends on the spatial resolution. By applying the Euclidian distance transform as described in the previous section, it is possible to calculate the proper PSD from the 3D pore structures of all pore diameters which are larger than min d . Pores of smaller size would still be missing.
The red graph in Fig.5 shows the PSD which has been reconstructed from the 3D binary pore space mask ) ( p b . For comparison, the respective PSD calculations in 2D as an average value over all slices (green), as well as the simulation of MIP as discussed by Garboczi [9] (blue) has been provided. As expected, the MIP simulation comes along with an underestimation of larger pores. As the residual water content ) (H W V from the PSD is included into equation (3), the shrinkage originating exclusively from drying was calculated and the resulting shrinkage strain cap ε displayed in Fig. 6 . The wavelike shape of cap ε arises from the uneven progression of the PSD as it typically appears in pore samples of limited size. In order to overcome the deficiencies coming along with the limited resolution and the associated underestimation of small pores, the PSD was artificially expanded in the sector of smallest pores, until a total pore ratio matching the known pore value of the measured cement paste was reached. This manipulation is still an unfavourable drawback in the current model. As stated in the next section, reforming this issue will be the top priority for further improvements.
CONCLUSIONS AND OUTLOOK
A new SEM approach for the estimation of drying shrinkage has been presented. The 3D facilities of FIB-nt for the first time would enable a direct comparison of pore structures from different cement pastes in respect of drying shrinkage. Future work will include structural studies focusing on shrinkage while involving variable cement recipes.
Still, the current method is limited to the upper humidity range only. Enhancements could be achieved by either overcoming the current resolution limits, or by introducing model pore structures in those locations filled with hydrated cement, where smaller pores would be expected.
